• Premise of study: Selenium-hyperaccumulator plants can store over 1% (dry mass) Se in their tissues, despite the toxicity of this element at high concentrations across eukaryotes. These levels of Se can have widespread effects on the plant ' s ecological partners, including herbivores and pathogens. Still other partners seem to have coevolved Se tolerance. This is the fi rst known study addressing the rhizosphere mycofl ora of Se hyperaccumulators and aims to evaluate the rhizospheric fungal diversity and Se tolerance to further the knowledge of how these organisms interact with their host plants and survive in these extreme habitats.
The element selenium (Se) is essential for many organisms, but becomes toxic at high levels. Some plants native to the western United States, such as Stanleya pinnata (Brassicaceae) and Astragalus bisulcatus (Fabaceae) can hyperaccumulate Se above 1% of their dry mass ( Rosenfeld and Beath, 1964 ; Galeas et al., 2007 ) despite the apparent nonessentiality of Se in plants or fungi ). In the western United States, Se is found mainly in the shale of the Pierre and Niobrara formations as well as some areas of the Greenhorn and Morrison formations, all of which were deposited during the late Cretaceous period, 77 -68 million years ago (Ma) ( Byers, 1935 ( Byers, , 1936 Beath, 1982 ) . The resultant mineral-rich shale contains Se concentrations ranging from less than 1 mg · kg − 1 to over 100 mg · kg − 1 in certain areas. Outcroppings of seleniferous shale or their occurrence underlying the surface soil often are recognized by the presence of these unique plants that hyperaccumulate Se, which are typically toxic to herbivores and are found only where Se is available ( Rosenfeld and Beath, 1964 ) . Interestingly, while there is evidence that Se can protect plants from a variety of herbivores and pathogens, including prairie dogs, lepidopteran larvae, aphids, spidermites, thrips, grasshoppers, and two fungal pathogens Trumble, 1999 , 2003 ; Banuelos et al., 2002 ; Hanson et al., 2003 Hanson et al., , 2004 Vickerman et al., 2002 ; Freeman et al., 2006a Freeman et al., , 2007 Freeman et al., , 2009 Galeas et al., 2008 ; Quinn et al., 2010 ) , there are also herbivores that are Se tolerant and thereby have a distinct advantage in these habitats ( Freeman et al., 2006a ) .
The Se present in the shales can be mobilized into the ecosystem by natural and anthropogenic sources including uptake and volatilization by plants, reduction, oxidation, or volatilization by microbes, leaching or runoff from agricultural irrigation, and mining operations ( Hossner et al., 1992 ; Lemly, 1999 ; Finkelman et al., 2002 ; Sors et al., 2005a , b ) . After Se compounds have been mobilized into the ecosystem, they typically will remain in a bioavailable form due to the arid/semiarid climates in the western United States that prevent the complete reduction of Se to its less toxic, nonsoluble elemental form ( Beath, 1982 ) . Changes in the concentration and bioavailability of Se can lead to chronic and acute Se poisoning in other inhabitants of the ecosystem. The toxicity of Se is thought to be in large part due to inadvertent substitution of sulfur (S) by Se in essential enzymes ( Stadtman, 1990 ) , but it may also involve oxidative stress caused directly by inorganic forms of Se ( Hartikainen, 2005 ; Letavayova et al., 2008 ; Lewinska and Bartosz, 2008 ) .
Selenium often biomagnifi es in ecosystems and may broadly impact all inhabitants ( Rosenfeld and Beath, 1964 ; Beath, 1982 ;  1 Manuscript received 13 August 2010; revision accepted 6 April 2011. and the Fort Collins sites (CO) were chosen based on the presence of Se hyperaccumulator species. The fi fth site, Nunn (CO), was chosen as a control site based initially on the lack of Se hyperaccumulator species and verifi ed with soil samples. The Lysite collection site is a remote area located in the badlands of central WY, there is natural gas mining in the area but relatively little human activity due to the remoteness and inhabitability of the land for livestock/agricultural use. The Casper collection site is west of the town of Casper, WY in an area of rural ranchettes along the sides of the dirt roads, but not on any directly managed property. The Laramie collection site is on a private ranch west of Laramie, WY that has a history of attempts to remove the Se hyperaccumulator plants both chemically and physically due to the toxicity to their livestock. In addition, the property has a lake that was drained due to the levels of Se in the water. The Fort Collins collection site is within the Pine Ridge Natural area, a city owned and managed natural area including trails for recreational use on the edge of the city of Fort Collins. The Nunn collection site is on a private ranch northwest of the town of Nunn that has been previously overgrazed, but is not presently used for livestock.
Four Se hyperaccumulator species, Astragalus bisulcatus (Hook.) A. Gray, Astragalus racemosus Pursh, Xylorhiza glabriuscula Nuttall, and Stanleya pinnata (Pursh) Britton, were collected (whole plant) from the seleniferous sites. Nine nonhyperaccumulator species from the same families (Fabaceae, Asteraceae, and Brassicaceae, respectively) were collected from these same four seleniferous sites, as well as from the fi fth, the control site ( Table 1 ) where no hyperaccumulators were present. All plants were identifi ed using keys to Colorado fl ora ( Weber, 1987 ( Weber, , 1990 and comparison with specimens in the Colorado State University Herbarium (Fort Collins, CO) .
This study examines the diversity and composition of mycofl ora exclusively from the rhizosphere/rhizoplane, because this is the hypothesized site of Se selection. Discussion of ecosystem distinct soil fungal communities and their " principal forms, " as described by Christensen (1981) and States (1966) , are used for generalized comparison because this is the fi rst report specifi cally on seleniferous rhizosphere fungal communities.
Soil material -Se hyperaccumulator plants from the Fort Collins seleniferous site were dug out of the ground with approximately 30 cm 3 of soil attached to the roots. Soil subsamples were collected for both bulk and rhizospheric soil. Bulk soil was collected under the plant canopy, > 1 cm from a hyperaccumulator root, while rhizospheric soil was collected < 1 cm from a hyperaccumulator root. Bulk soil was also collected from the Nunn nonseleniferous site (no Se hyperaccumulator plants are present at the site). Ba ñ uelos et al., 2002 ) . One of the most well-known examples of Se poisoning is from Kesterson National Wildlife Refuge in Los Ba ñ os, California ( Ohlendorf et al., 1986 ) . Other examples of poisoning, both acute and chronic, are found throughout the Front Range of the Rocky Mountains in animals feeding on hyperaccumulator plants ( Rosenfeld and Beath, 1964 ) . Poisoning also occurs in aquatic ecosystems throughout the United States (US) and is considered an ongoing, potentially devastating threat to organisms in these habitats ( Lemly, 1999 ; Hamilton, 2004 ) .
Selenium interactions with fungi have been studied for the better part of the past century and were first documented in the early 1900s with a report by Stower and Hopkins (1927) on the fungicidal action of Se-containing compounds. The bulk of research concerning Se and fungi is applied, such as Se being used as a medicinal treatment of fungal dermatological disorders ( Wilber, 1980 ; Kyle and Dahl 2004 ) , as a fungicide or fungicide additive ( Razak et al., 1991 ; Hanson et al., 2003 ; Kloc et al., 2003 ) , as a nutritional supplement or potential toxicant in edible fungi ( van Elteren et al., 1998 ; Kalac and Svoboda, 2000 ) , and as a component of a bio-or phytoremediation system to deal with Se contamination ( Thompson-Eagle et al., 1989 ; Brady et al., 1996 ) .
There has been some research on the metabolism of Se in fi lamentous fungi, including uptake and volatilization ( Tweedie and Segel, 1970 ; Fleming and Alexander, 1972 ; Fleming, 1974 , 1976 ; Ramadan et al., 1989 ; Gharieb et al., 1995 ) , but little on the infl uence of Se on fungi in relation to their environment, competition, or survival ( States, 1966 ; Ellil, 1999 ; Hefnawy, 2002 ) . One interesting report found mycorrhizal fungi to enhance Se accumulation in garlic, resulting in a signifi cant (10-fold) increase in Se concentration in the plant tissue when compared to nonmycorrhizal controls ( Larsen et al., 2006 ) .
Even though a large amount of research has focused on the vegetation and herbivory in seleniferous habitats, little is known about the fungi associated with the Se hyperaccumulators in these ecosystems. Because Se is commonly used as an antifungal agent ( Wilber, 1980 ; Razak et al., 1991 ; Hanson et al., 2003 ; Kloc et al., 2003 ; Kyle and Dahl 2004 ) , it can be hypothesized that Se concentrated by hyperaccumulator plants acts as a selection pressure for plant-associated fungi, affecting fungal Se tolerance and hence, fungal diversity and distribution.
Leaves and roots of Se hyperaccumulator plants can contain Se levels up to 15 000 and 2000 mg · g − 1 dry mass, respectively ( Galeas et al., 2007 ) . Since plants are known to exude a wide variety of organic compounds into their rhizosphere, it is feasible that Se hyperaccumulators exude selenocompounds into their rhizosphere, which may affect the associated microbial community. Moreover, decomposition of Se-rich leaf litter around hyperaccumulator plants may affect local soil Se concentration and speciation ( Quinn et al., 2011 ) . The goal of this study was to examine the distribution, diversity, and tolerance of culturable, saprobic (facultative or obligate) fungal genera associated with the rhizosphere and rhizoplane (cumulatively referred to as rhizosphere) of hyperaccumulator and nonhyperaccumulator plant species in seleniferous areas along the Eastern Front Range of the Rocky Mountains.
MATERIALS AND METHODS
Plant material -Plants were arbitrarily collected from fi ve different sites in Colorado and Wyoming (CO and WY, USA) for isolation and culture of fungi from their rhizosphere ( Table 1 ). The Lysite (WY), Casper (WY), Laramie (WY), 
RESULTS
Se analysis -Se levels were an order of magnitude higher in the rhizosphere of hyperaccumulators compared to bulk soil ( Table 2 ). This was true for both A. bisulcatus ( t = − 2.990, df = 16, P = 0.0086) and S. pinnata ( t = − 2.812, df = 12, P = 0.0157). The Se levels in the rhizosphere soils were still 1 -2 orders of magnitude lower than the Se levels reported in hyperaccumulator roots ( Galeas et al., 2007 ) . The Nunn site was found to have no detectable Se in fi ve of six soil samples, the last containing 0.55 ppm ( Table 2 ) .
The Se concentration in plant shoot tissues ranged from less than 1 mg Se · kg − 1 dry mass in several of the nonaccumulator species to almost 19 000 mg Se · kg − 1 dry mass in fl owers of the Se hyperaccumulator A. bisulcatus ( Table 3 ). The fl owers typically had the highest levels of Se, whereas the older leaves contained the lowest levels. Evaluation of Se levels using only the young leaves pooled from all plants, which were represented in all sites, showed that the plants from Fort Collins had significantly more ( t = 3.84, P = 0.0003) Se than three of the other sites.
Fungal distribution -The plants collected from the four seleniferous sites (Lysite, Casper, Laramie, and Fort Collins) yielded 259 rhizosphere fungal isolates that belong to 24 different genera. The majority (229 of 259, 88%) belong to 11 main genera or generic groups (groups of related genera were combined for display purposes: Alternaria group = Alternaria , Embellisia , and Ulocladium ; Mucor group = all mucoraceous or coenocytic fungi excluding Absidia and Pythium ; and Penicillium group = Penicillium , Pacilomyces , and Talaromyces ) ( Fig. 1 ) . The nonseleniferous control site (Nunn) yielded 28 isolates from eight genera; 16 of the isolates (54%) were from the same main genera isolated from the seleniferous sites. The distribution of the main genera was variable by site, with some groups not being represented at all sites ( Fig. 1 ) . Members of both the Alternaria group and the Mucor group were isolated from all four seleniferous sites, while Fusarium and members of the Penicillium group were isolated from all fi ve collection sites.
Measures of species diversity ( D ) of the culturable fungi from each collected plant showed a large amount of variability, even in the case of individuals of the same species of host plant from the same site. Selenium analysis -To quantify the levels of Se present in the plants and to determine the status for the nonfl owering Astragalus plants as a Se hyperaccumulator or nonaccumulator, shoot tissue was dried for 48 h at 80 ° C. For each collection site and species, young leaves (taken from the top quarter of the plant), old leaves (taken from bottom half of plant) and fl owers were analyzed in triplicate for Se after acid-digestion according to the method of Zarcinas et al. (1987) . For maximum fungal isolate recovery, all root tissue was used for fungal isolation and was not analyzed for Se concentrations. The total Se concentration in each digest was measured using inductively coupled plasma -atomic emission spectrometry (ICP -AES; Thermo Elemental, Franklin Lakes, New Jersey, USA) according to the method of Fassel (1978) using appropriate standards and quality controls. Bulk and rhizospheric soil Se concentrations were analyzed as described by Galeas et al. (2007) .
Fungal isolation, identifi cation, and tolerance evaluation -All available nonwoody lateral and tap roots of each collected plant were cut into 1-cm long pieces, immersed for 10 s in 10% (v/v) household bleach solution (6% sodium hypochlorite), rinsed in sterile water, and plated on 0.5-strength malt extract agar (0.5 MEA, Difco, Detroit, Michigan, USA) either without Se or with 10 mg Se · L − 1 supplied as Na 2 SeO 4 (Sigma, St. Louis, Missouri, USA), the predominant form of Se in oxic soils. The Petri dishes were sealed and incubated at 22 ° C under continuous light.
When fungi grew from the root cuttings, pure cultures were obtained via hyphal tip or single-spore transfers to a new Petri dish of the same media. Collections continued from the root cuttings for a minimum of 14 d from initial plating and were allowed to continue longer for tissue with little fungal growth. The cultures were identifi ed to genus or species using morphological characters ( Ellis, 1971 ( Ellis, , 1976 Domsch et al., 1980 ) and were listed by Wangeline (2007) . ( Note: We cannot exclude that some of the isolates identifi ed to genus are the same species.)
Each isolate was transferred to two slants of 0.5 MEA, one without Se and the other with 10 mg Se · L − 1 , to evaluate tolerance by comparing the diameter and density of the two colonies. Each pair of slants was then assigned a value describing the difference in growth between the Se and non-Se culture, based on reduction in colony diameter, and mycelial density as equal contributors as follows: 1 = little to no inhibition (slight, < 25% reduction in colony diameter or density), 2 = somewhat inhibited (moderate, 25 -75% reduction in colony diameter or density), 3 = inhibited (severe > 75% reduction in colony diameter or density). Further, some isolates were plated in Petri dishes with varying concentrations of Se to confi rm the results from the initial tolerance evaluation using a tolerance index (growth withSe/withoutSe × 100%).
Statistical analysis -Species diversity indices were calculated for each individual plant collected using Simpson ' s diversity index, D ( Simpson, 1949 ) .Values range between 1 and 0; the lower the value, the greater the diversity.
Se levels among sites were compared with a one-way ANOVA with a posthoc t test using SAS (version 9.2, Cary, North Carolina, USA). Frequencies of fungal taxa were compared according to their Se tolerance, collection site, and host plant (hyperaccumulator or nonhyperaccumulator) with the proc freq command and the exact χ 2 test. Fungal taxa were compared according to sensitivity using a sensitivity × taxa table with three levels for sensitivity (high sensitivity, mid sensitivity, and low sensitivity) and 12 levels for fungal taxa followed by a pairwise comparison among all fungal taxa grouped by levels of Se sensitivity. Fungal frequencies were compared between seleniferous and nonseleniferous sites using a sensitivity × site table with three levels for sensitivity and six levels for site (one nonseleniferous site and fi ve seleniferous sites). Last, fungal frequencies were compared between hyperaccumulator and a nonhyperaccumulator plant species using a hyperaccumulation × sensitivity table with two levels for hyperaccumulation (hyperaccumulator and nonhyperaccumulator) and three levels for sensitivity. df = 1, P < 0.0001) from seleniferous sites. In addition, the high-Se site, Fort Collins, had signifi cantly more Se-tolerant fungi than moderately or severely Se-sensitive fungi ( χ 2 = 20.25, df = 8, P = 0.0094); there were no differences between the three tolerance levels at Lysite, Casper, or Laramie. Some members of the Zygomycota ( Absidia and Mucor group) were more sensitive to Se than were most other genera and generic groups ( χ 2 = 95.59, df = 10, P = < 0.0001 [For statistical details in each group, see Appendix S1 with the online version of this article.]). Absidia was signifi cantly less tolerant than all groups except for the Mucor group and Pythium . The Mucor group was signifi cantly less tolerant than all groups except Absidia and Pythium ( Fig. 2 ) . Two isolates of Aspergillus leporis , one from a seleniferous site and one from a nonseleniferous site, differed signifi cantly in colony diameter when grown on media containing Se ( Fig. 3 ) . The tolerance index (growth withSe/withoutSe × 100%) was signifi cantly higher for A. leporis AS117 (CBS accession 129236), the isolate from the seleniferous site, compared to A. leporis AS2 (CBS accession 129235), the isolate from the nonseleniferous site, across all Se concentrations used (10 -1200 mg · L − 1 ) ( F 11,34 = 99.83, P < 0.0001). The Se concentration resulting in 50% growth inhibition was 30 mg Se · L − 1 for AS2, while for AS117 the 50% inhibition point was not reached, even at 1200 mg Se · L − 1 .
DISCUSSION
Se analysis -The Se levels found in the plants from this study ( Table 3 ) are similar to the concentrations and variability seen in Se hyperaccumulators in previous studies ( Cowgill, 1979 ; Galeas et al., 2007 ) and also demonstrate the potential for fungi to come into contact with tissues containing extreme levels of Se. The high levels of Se found in these plants likely requires some form of tolerance in the fungi that decompose hyperaccumulator litter. An exception is A. bisulcatus from somewhat greater fungal diversity on the nonaccumulators. When comparing fungal diversity on Se hyperaccumulators across each site, Laramie and Fort Collins plants tended to harbor less fungal diversity than Lysite and Casper plants ( Table 4 ) .
Two uncommon species of Absidia were isolated as frequently as other common groups such as Alternaria and Aspergillus at the Fort Collins (CO) site and also were isolated several times from Lysite (WY) and Casper (WY). While all sites yielded Fusarium isolates, three of the four seleniferous sites as well as the control site provided large numbers of Fusarium species. In contrast, the Laramie (WY) site yielded a majority of Alternaria isolates. Two of the Alternaria isolates were described as new species, and one is highly selenophilic ( Wangeline and Reeves, 2007 ) . Members of the main fungal genera were isolated from both Se hyperaccumulator and nonaccumulator plants. However, nine of the 11 main genera were isolated more frequently (more than 50% of total isolates in that genus) from hyperaccumulators, while Aspergillus and Curvularia were isolated more often from nonaccumulators.
Se tolerance -The ability of the fungi to tolerate Se was directly related to habitat ( Fig. 2 ) . Among the rhizosphere fungi from the nonseleniferous control site (Nunn, CO), the majority (86%, 24 of 28 isolates) were sensitive to Se at 10 mg Se · L − 1 . The fungi from this site showed signifi cantly lower tolerance ( χ 2 = 156.78, df = 8, P < 0.0001, Fig. 2 ) compared to each of the four seleniferous sites Casper ( χ 2 = 43.49, df = 2, P < 0.0001), Lysite ( χ 2 = 70.25, df = 2, P < 0.0001), Laramie ( χ 2 = 26.80, df = 2, P < 0.0001), and Fort Collins ( χ 2 = 92.68, df = 2, P < 0.0001). Within the seleniferous sites, the tolerance of the pooled fungal isolates to 10 mg Se · L − 1 ( Fig. 2 ) did not correlate with the original host plant (hyperaccumulator vs. nonaccumulator), despite the different Se concentrations found in these host plants ( Table 3 ) . However, when looking specifi cally at the fungal isolates with high Se tolerance, signifi cantly more were found on hyperaccumulators than on nonaccumulators ( χ 2 = 19.90, the lack of typical competitors due to the presence of Se. Conversely, Trichoderma , which is isolated regularly from all habitats ( Christensen, 1981 ) , was only isolated three times from one site. In fact, Trichoderma was inhibited completely by 10 mg Se · L − 1 in the laboratory, and their Se sensitivity may exclude them from seleniferous rhizosphere habitats. The species composition of fungal isolates from the nonseleniferous site (Nunn, Fig. 1 ) was representative of grasslands, based on the large proportion of Fusarium isolates, but the composition differed from the seleniferous sites mainly in the lack of Alternaria and Curvularia isolates. Soil mycofl ora within an ecosystem vary considerably with plant composition and cover, moisture, and nutrient availability ( Christensen, 1981 ; States, 1981 ) , all of which likely affect the species able to colonize the rhizosphere of these plants.
The species diversity index accounts for both species richness (total number of species) and species evenness (numbers of each species present) and assumes that a habitat dominated by a few species is less diverse than one where many species are found in equal quantities. Of course, using culturable fungi to assess diversity only refl ects a portion of the actual diversity, particularly of species richness, because large numbers of nonculturable fungi are likely to be present in these habitats. Despite this constraint, Casper, which is historically known to be a Se hyperaccumulator, but did not have signifi cantly different levels of Se above those found in the nonaccumulators. The Se analysis also showed that the Se hyperaccumulators at Fort Collins had signifi cantly more Se than plants from other sites, while Se concentration in the Se hyperaccumulators from Laramie and Lysite did not differ from each other, but both had higher Se concentrations than did the Se hyperaccumulator from Casper.
Fungal distribution -The distribution of the genera and generic groups from each of the seleniferous sites differed slightly, but all sites contained typical genera ( Fusarium and Alternaria ) isolated from grassland soils. Additionally, all sites contained isolates of Penicillium ( Fig. 1 ) , which are common in seleniferous soils ( States, 1966 ) . Interestingly, two species of Absidia were frequently isolated, in spite of the fact that these species are not reported to be associated with grasslands or with any other particular ecosystem, and typically are not recovered from soils ( Christensen, 1981 ) . In addition, the Absidia were not as tolerant as many of the other genera to Se, suggesting that Se tolerance within this genus is not a contributing factor to its widespread occurrence in these habitats. This result may be due to the fast growth habit and long-lived zygospores of Absidia or Fig. 1 . Distribution of main fungal genera and generic groups by host plant type by site. The four seleniferous sites are Lysite (WY), Casper (WY), Laramie (WY), and Ft. Collins (CO). The nonseleniferous site is Nunn (CO). Host plants are grouped as either selenium hyperaccumulators (A) or nonaccumulators (N). Parenthetic numbers after site designate total number of isolates included in that bar, and parenthetic numbers after genus or generic group name designate the total number of isolates from that genus or generic group included in the chart. [Vol. 98 bance or Se levels, both of which were higher at the Fort Collins site.
When all the plants from seleniferous sites were pooled into Se hyperaccumulators or nonaccumulators, there were no signifi cant differences in the present study. Because of the low number of plants compared and the high variability obtained, our results may not accurately depict the impact of Se on diversity. Future studies involving a larger number of plant and fungal species are warranted, especially cultures from nonaccumulator host plants. If the extreme level of Se in the hyperaccumulator plants selects against some fungi in their rhizosphere as the tolerance data suggests, then the implication would be that a more diverse group of fungi may be able to live on nearby nonaccumulating species and that the ability of fungi to live in close association with Se hyperaccumulators is not inherent to all fungal groups.
Se tolerance -Some Se compounds are antifungal in various applications ( Wilber, 1980 ; Razak et al., 1991 ; Hanson et al., 2003 ; Kyle and Dahl 2004 ) implying that fungi generally are sensitive to Se. Indeed, the majority of rhizosphere fungi isolated from the nonseleniferous site were sensitive to 10 mg Se · L − 1 as sodium selenate (Na 2 SeO 4 ). However, the majority of rhizosphere fungi isolated from the four seleniferous habitats were not inhibited by 10 mg Se · L − 1 . These data support the idea that fungi from Se hyperaccumulators would be more tolerant to Se than fungi from nonaccumulators. However, this implication was not supported within seleniferous sites ( Fig. 2 ) where tolerance was found in mycofl ora from both Se hyperaccumulators and nonaccumulators. For example, Aspergillus leporis , which was isolated several times from multiple sites, was Se tolerant when isolated from a seleniferous habitat (from both Se hyperaccumulators and nonaccumulators), but Se sensitive when isolated from the nonseleniferous site ( Table 2 ), suggesting that the cycling of Se within a hyperaccumulator habitat allows for widespread selection for Se tolerance not found at nonseleniferous sites.
Interestingly, groups of related fungi showed similarity in their patterns of tolerance ( Fig. 2 ) . For example, Curvularia , Cladosporium , and the Alternaria group, are all darkly pigmented, and they have relatively high Se tolerance. These comprise three of the fi ve groups with no completely inhibited isolates, and the majority are unaffected by Se. The interaction of pigmentation and tolerance has been shown in other studies in other organisms ( Caesar-Tonthat et al., 1995 ; Hale et al., 2001 ) and suggests an avenue of further evaluation here. In contrast, the coenocytic Zygomycetes ( Absidia and the Mucor group) present a distinct pattern of nearly all of the isolates being partially but not completely inhibited by the Se. These patterns suggest that Se tolerance in these groups, or lack thereof, is likely either: (1) a physiological/anatomical trait inherent to all members of the particular groups of fungi, e.g., using melanins to bind the Se in the pigmented fungi and thus conferring tolerance, or lacking compartmentalization and thus prohibiting Se tolerance, as in the coenocytic fungi, or (2) a genetic trait passed down from a Se-tolerant ancestor, potentially unique to the fungi found in these habitats. The observed tolerance is likely a combination of both.
The concentration used in this study (10 mg Se · L − 1 ) is above the Se concentration found in the nonhyperaccumulator plants and also above that reported for typical seleniferous soils ( Galeas et al., 2007 ) . Thus, the observed Se tolerance among fungi from nonaccumulators at seleniferous sites is somewhat unexpected, presumably due to less selection pressure. As mentioned already, a potential explanation may be that in seleniferous examining culturable fungi in relation to diversity has been a useful strategy to study relative differences ( Christensen, 1981 ; States, 1981 ) .
On the basis of the isolates recovered, A. bisulcatus from Laramie (WY) had the lowest fungal diversity index. The fact that nine of the 14 fungal isolates were Alternaria resulted in reduced species evenness. A likely contributing factor to the lack of diversity at this site is a prior history of attempts to chemically kill or physically remove the Se hyperaccumulators on this site, thus disturbing the rhizosphere ecosystem and allowing only the most resilient fungi to survive. Conversely, Lysite and Casper had high diversity in both species richness and evenness, which may be the result of different contributing factors at each site. First, Lysite (WY) was the only site on which all three families of Se hyperaccumulators grew and is also relatively undisturbed due to the seclusion and uninhabitability of the land. Second, the lower levels of Se ( P < 0.01) in the plants at the Casper site compared to the other seleniferous sites indicates a reduction in the severity of Se as a selector and likely allows for greater diversity when compared to the other study sites. The fourth seleniferous site, Fort Collins (CO), had less diversity than Lysite, which may be attributed to either distur- tion rooted in these soils is poisonous [because] so much of the soil selenium is in an available form. " The likelihood of adaptation is further supported by the Se tolerance found in A. leporis from the seleniferous habitat, but not in another isolate of the same species from a nonseleniferous habitat. The isolation of these Se-tolerant fungi and a better understanding of their Se-tolerance mechanisms and interactions with their host plants may not only lead to new applications, e.g., environmental cleanup of Se using myco-or phytoremediation, but also provide insight into the evolutionary history and the Se-based defense system of the organisms that inhabit this unique ecosystem.
habitats soil fungi experience temporal or local spikes in Se concentration when soil Se levels vary because of weather conditions, Se hyperaccumulator litter decomposition ( Byers, 1938 ; Cowgill, 1979 ; Galeas et al., 2007 ) or nonhomogeneous distribution of Se in the soil. In view of the ~100-fold higher hyperaccumulator root Se concentration (up to 2000 mg · kg − 1 DW) compared to nonaccumulators ( Freeman et al., 2006b ; Galeas et al., 2007 ) , one might expect that rhizosphere fungi from Se hyperaccumulators would be more Se tolerant than those from nonaccumulators. However, rhizosphere fungi isolated from Se hyperaccumulator plants did not differ in Se tolerance from those on nonaccumulators ( P > 0.05) at 10 mg Se · L − 1 . Since root Se levels can be two orders of magnitude higher than 10 mg Se · L − 1 , and even the rhizosphere Se concentration may be several fold higher than that ( Table 2 ) , a difference in tolerance between rhizosphere fungi from hyperaccumulator and nonaccumulator hosts may appear if higher levels of Se were used to screen the fungi. Higher levels of Se would likely increase cellular damage and thus require mechanisms of detoxifi cation or exclusion to maintain tolerance. Indeed, there were signifi cantly more fungi that were tolerant taken from the Fort Collins site, which had the highest levels of Se, than any other site.
Overall, these results suggest that the fungal rhizosphere communities in seleniferous soils have evolved collective Se tolerance; some are possible specialists, such as Alternaria seleniiphila ( Wangeline and Reeves, 2007 ) that associate with the Se hyperaccumulators, and some are generalists and are found throughout the habitat. This unusual ability to tolerate Se is likely in response to the long-term and continual presence of Se mobilized by many of the plants in this habitat. For example, the Lysite area was considered by Beath (1982) to be a " supertoxic area... [because] nearly every kind of indigenous vegeta- Fig. 2 . Inhibition of fungal isolates when grown on malt extract agar containing 10 mg Se · L − 1 , measured as a reduction in colony diameter/mycelial density in comparison to the same isolate grown without Se. Shown by genus group, original host plant (hyperaccumulators vs. nonhyperaccumulators) within seleniferous sites and collection site (seleniferous vs. nonseleniferous, and individual sites). Parenthetic numbers designate total number of fungal isolates included in bar. Signifi cant differences in Se tolerance ( P < 0.001) with respect to host plant or collection site are shown as different lowercase letters above the bars. Fig. 3 . Tolerance comparison by evaluation of colony diameter of two Aspergillus leporis isolates, one from a seleniferous habitat (AS117) and one from a nonseleniferous habitat (AS2) grown on various concentrations of Se at seven days after inoculation.
